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Gold monolayer-protected nanoclusters (MPCs) with average diameters of 1-5 nm
protected by alkane- and arenethiolates were synthesized. Mixed-monolayer protected
nanoparticles (MMPCs) were prepared by functionalizing hexanethiolate-protected
MPCs with either 11-mercaptoundecanoic acid (MUA-MMPC), 11-mercaptoundecanol
(MUO-MMPC), or 4-aminothiophenol (ATP-MMPC) using ligand place exchange.
Presentation of various chemical reagents such as nucleophile, acid, or base and change
in physical environment through ultrasonic and thermal irradiation resulted in changes to
particles and their physical properties. Thermogravimetric analysis (TGA) was used to
measure maximum temperature of the derivated thermogravimetric peaks (Tmax,DTG) as a
means of comparing temperature dependence of mass loss. The absorption spectrum
within the surface plasmon resonance (SPR) band was monitored over time throughout
chemical and ultrasonic treatments to assess stability of these particles in solution.
MUA-MMPCs and ATP-MMPCs were self-assembled with Cu2+, poly(sodium 4styrenesufonate), poly(allylamine hydrochloride), generation 2 polyamidoamine
dendrimer, and C60 fullerene as linking molecules on functionalized glass substrates using
a layer-by-layer approach resulting in nanoparticle multi-layer films. The thin films were
characterized using UV-vis spectroscopy during deposition, and then before and after
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chemical treatment, and thermal and ultrasonic irradiation to assess stability of
nanocomposites.
Finally, an in-situ cross-linking approach was used to deposit gold MPC-C60 thin
film nanocomposite on functionalized glass substrate. UV-vis spectroscopy was used to
monitor deposition rates of the resulting film in comparison with the MPC-C60 multilayer film assembled layer-by-layer. These MPC-C60 nanocomposites were also
characterized using conductive atomic force microscopy (C-AFM).
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I.

INTRODUCTION

A. General Background
As the burgeoning field of nanotechnology continues to mature, gold
nanoparticles have emerged as a vast and prevalent topic of research interest.1 The
elucidated quantum-confined2 and size-dependent3 opto-electronic properties of particles
less than ~10 nm in diameter has led to their promising applications in electronic and
photonic devices,4,5 catalysis,6 molecular recognition,7 and medicine.8,2 In the past, these
applications have been curbed by the relative stability of the particle; the loss of
solubility, irreversible aggregation and property changes over time.9 In 1981, Schmid et
al. synthesized the first gold nanoparticle stabilized through the self-assembly of organic
ligands onto the particle surface in the form of Au55(PPh3)12Cl610 and in 1993, Mulvaney
and Geirsig first reported increased stabilization of gold nanoparticles using nalkanethiols.11 The increased stability of thiolate-protected gold nanoparticles is
attributed to the soft nature of gold and sulfur.12,13 These ligands readily chemisorb to the
metal surface through loss of the mercaptan proton forming a highly stable covalent
sulfur-gold bond (50 kcal mol-1).14,15,16 Brust et al. have also shown this bond at the
surface to be unlike gold sulfide, which is supported by X-ray photoelectron spectroscopy
(XPS) measurements showing weak sulfur signals as well as a large presence of Au(0).12
This bond has proven to be an extremely useful ligand for gold, as thiolates can displace
unwanted materials at the metal surface, and alkanethiolates, most notably, have shown
to allow a high degree of packing within the monolayer, further enhancing intermolecular
forces between ligands.17,18 The now facile synthetic methods of these nanoparticles
coupled with improved chemical stability and benign nature has not only helped to bridge
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the gaps in application development, but also to make them a widespread vehicle for
fundamental research of colloids and particle science.5
B. Synthesis of Gold MPCs & MMPCs
B.1.

Brust-Schiffrin Synthesis of Gold MPCs
In 1994, Schiffrin et al. used a biphasic synthesis method preparing gold MPCs

nanoparticles stabilized by a self-assembled monolayer of alkanethiolate ligands, now
frequently referred to as monolayer-protected nanoparticles (MPCs).1,3,12,19,20 The
method12 relies on reduction of particles in an organic solvent from HAuCl4 salt dissolved
in water. Tetraoctylammonium bromide, used as the phase transfer catalyst, transfers
AuCl4- to the organic phase (usually toluene) which is then reduced by addition of
sodium borohydride, or other reducing agents, such as lithium triethylborohydride,21 in
the presence of dissolved thiol ligand. The color of the organic phase changes from
orange to a dark purple within a few seconds upon addition of BH4-1. This reaction is
described below in the following equation:
AuCl4-aq + N(C8H17)4+ + (C6H5Me)  N(C8H17)+ + AuCl4-(C6H5Me)
mAuCl4-(C6H5Me) + n-C12H25SH(C6H5Me) + 3me- 
4mCl-aq + [Aum(C12H25SH)n] (C6H5Me)

[1]

This reaction produces monodisperse Au0 particles, stable at room temperatures,
and easily isolated and re-dissolved in organic solvents without irreversible
aggregation.3,22 The particles sizes can be tuned by changing the thiol to gold ratio, with
average diameters ranging from ~1.5 nm to ~5.2 nm.2 Larger thiol:gold, an increase in
the reducing agent, and cooler temperatures (i.e. 0 oC) leads to a reduction in average
core diameter.1,3 The method showed improved particle size control, isolability in a
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variety of solvents and resistance to aggregation, and has become a mainstay in synthesis
of these materials as others have extended the ligand types for customized monolayer
composition and reactivity.3,22
B.2.

Ligand Place Exchange
Functionalizing thiolate-protected gold MPCs has been crucial in their use as

chemical reagents. Ligand place exchange of these ligands has provided a straightforward
means toward rationally designing monolayer composition.19,20 In ligand place exchange,
new selectively functionalized thiolate ligands are co-dissolved with MPCs and replace
pre-existing monolayer ligands. Equation 2 describes in general the ligand exchange,
where m is the number of pre-existing monolayer ligands, Ro-S, and n is the number of
new exchange ligands, R1-S, that enter the monolayer.19
[(Ro-S)m] MPC + n(R1-SH)

(Ro-SH)n + [(Ro-S)m-n (R1-S)n] MPC

[2]

MPCs functionalized using the ligand place exchange can be referred to as mixed
monolayer-protected nanoclusters (MMPCs) since the monolayer is composed of two or
more differing ligands. Selectively functionalized ligands, often through ω-functional
groups at exterior of monolayer, have allowed one to tailor particles with well-defined
reaction behavior and solubility.19,23,24 Figure 1 provides examples of ligand types used in
monolayer design, and illustrates the diverse reactivity that can now be obtained.
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Figure 1. Examples of ligands that can be incorporated into the monolayer shell. (Shon,
Y.-S. Dekker Encyclopedia of Nanoscience and Nanotechnology, 2004, published online.)
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Murray et al. has explored ligand exchange reactions on the surface of gold MPCs
in detail.1,19,20,25,26,27 Their group has shown that only a fraction of ligands in the
monolayer are bound weakly enough to leave as disulfides.19 Their reaction dynamics
studies have shown the incorporation of new selectively functionalized ligands into the
monolayer to be dependent upon the ratio of concentrations of incoming ligands to
ligands pre-existing in the monolayer,19 the steric bulk and chain length of both incoming
and leaving ligands,4 the particle core size,27 and the binding properties of ligands to the
metal core.19 Their findings show that longer incoming ligands and longer alkyl chain
lengths of pre-existing ligands both decrease exchange rate, and that the exchange has a
1:1 stoichiometry, as every incoming ligand adsorbs, another ligand needs to desorb.1
Electrochemical studies also show that charge density of the metal particle also
influences exchange rates; while a larger positive electronic charge of the gold core
allows replacement of the ligand more easily due to the ionic bond nature between ligand
and metal.28
The Murray group also found that exchange may occur preferentially at defect
sites, pinholes, and metal edges.19 They suggest two possible exchange mechanisms that
allow ligand replacement: 1) an associative interaction where incoming ligands enter the
monolayer prior to undergoing place-exchange, and 2) pre-existing ligands are desorbed
first, preferentially at defects, followed by ligand exchange with new incoming ligands.
The first scenario would more likely model ligand exchange behavior on exposed metal
surface, and monolayer with less ligand packing. In contrast, the second scenario may be
more likely to model the kinetics of exchange on a well-packed monolayer, where rate
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may be limited by ligand desorption. Also noteworthy, Murray et al. found that ligands
can migrate within the monolayer and are not immobilized once within the shell.26
C. Surface Plasmon Resonance of Gold MPCs
The atomic size of gold possesses a single well-defined electron energy level. As
size increases from atom through cluster to particle, the electron energy of the crystal
continues to split into multiple discrete quantized energy levels known as quantum size
effects. Once the particle size gets sufficiently large, the energy levels finally merge to
form a quasi-continuous band structure where extrinsic size effects dominate, and optical
properties follow Mie Theory.29
One of the most widely investigated size effects is that of the creation of the
surface plasmon oscillation. When a light wave interacts with the gold nanoparticle
surface, the alternating electric field of the incoming light wave polarizes the free
conduction electrons and allows these electrons to behave mobile with respect to the
larger immobile particle. This displacement of electrons in turn gives rise to a restoring
force as a coulombic attraction, characterized by the oscillation frequency of the electron
cloud. When the particle size is small enough, ordinary plane-wavelength light is
sufficient, and the charge density varies throughout the entire particle. The result is a
collective in-phase oscillation of the free electrons in the conductive band and is known
as the surface plasmon resonance (SPR).29 This resonance for gold nanoparticles occurs
in the visible region of the electromagnetic spectrum. Consequently, we are able to see
the bright colors exhibited by particles, both in transmitted and reflected light, due to
resonantly enhanced absorption and scattering. For alkanethiolate-protected MPCs
prepared via Brust-Schiffrin method (1.5 - 5.2 nm), the wavelength of SPR absorbance
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maxima is reported to be ~520 nm.3 The likely origin of these effects lie within the
electron structure of these noble metals that have completely filled 3d, 4d, and 5d shells,
and a lone electron in the respective 4s, 5s, and 6s electron bands (i.e. Cu, Au, Ag).29
This phenomenon can be directly measured using UV-vis absorption
spectroscopy. The UV-vis absorbance spectrometer consists of a light source for visible
(incandescent bulb) and ultra-violet wavelengths (deuterium lamp), a monochromator
which enables filtering of a narrow band of wavelengths, a sample holder, and a
photodetector. As the filtered light beam (narrow wavelength) passes through the sample,
the ratio of light intensity before (Ii) and after (Io) the sample is defined as the
transmittance (T), provided by equation 3.
%T = (Ii / Io) x 100

[3]

Absorbance (A) is calculated from the negative logarithm of the measured
transmittance, provided by equation 4.
A = -log(T)

[4]

Additionally, the Beer-Lambert law defines a linear proportion between
concentration (c) and absorbance (A) in an ideal solution, provided that the path length
(b) in the sample and the extinction coefficient (ε) remain constant (equation 5).
A = (εbc)

[5]

Changes to SPR absorbance band appearance have been used to probe particle
growth and aggregation,30,31 not just particle concentration.1,5,12 For example, theoretical
and experimental studies on SPR absorbance wavelength as a function of inter-particle
distance have been reported.29,32 When inter-particle distance is reduced sufficiently, the
oscillating electrons of one particle respond to the electric field of the electron
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oscillations in a second particle. This near field inter-particle coupling phenomena can
result in a collective plasmon oscillation of the aggregate, and significant red-shifts of the
absorbance maxima, broadening of the SPR absorbance band and increase in absorbance
intensity.29,32,33,34
D. Molecular Assembly of Gold MPCs
In contrast to top-down approaches where bulk starting material is patterned or
sculpted by subtractive processes down into nanometer-sized material, the bottom-up
approach aims at scaling two-dimensional or three-dimensional patterns of material up
using additive processes from the molecular level.35,36 Bottom-up approaches commonly
rely on self-assembly or self-organization of molecules, where assembly of individual
atoms or molecules is driven into more energetically favorable states through many small
changes in enthalpy or entropy. As synthesis methods have allowed MPCs with rationally
designed functionality that can easily be re-dissolved in solvents without aggregation,
handling of functionalized MPCs as molecular reagents and their inclusion as building
block for new material composites has become more practical. Established solution-based
deposition techniques have been readily adapted to deposition of gold MPCs. For
example, electrostatic layer-by-layer (LbL) self-assembly, first introduced by Decher et al
in 1992,37 has been a popular deposition technique for gold MPC containing thin films.
The film is generated using electrostatic interactions between the functional groups on the
surface of the substrate, and the ω-functional groups at the exterior of the organic
monolayer. This is illustrated below in figure 2, where a glass substrate treated with an
amino-terminated organosilane undergoes a reaction with a selectively functionalized
gold MPC. Multiple layers of gold MPCs can also then be systematically assembled with
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the addition of an ionic linking molecule such as divalent metal cations,38 ionic
polymers,39 or dendrimers40 in a layer-by-layer approach where the thin film is
alternatingly exposed to solutions of functionalized gold MPCs and solutions of linking
molecules. Figure 3 illustrates gold MPCs functionalized with 11-mercaptoundecanoic
acid (MUA) or 4-aminothiophenol (ATP) assembled as thin film composites using
electrostatic bridging with metals, poly(sodium 4-styrenesulfonate) (PSS) and
poly(allylamine hydrochloride) (PAH). These thin film assemblies have also prepared
using spin-assisted LbL electrostatic assembly, where either solution of gold MPCs or
dissolved PAH/PSS polymers were prepared spun-cast onto functionalized surface.31
The LbL approach has also been used to assembly covalently bonded MPC-C60
thin films, where functionalized substrate followed the alternating dip cycle in solution of
dissolved MPCs functionalized with 4-aminothiophenol, and then in solution of C60
fullerene. Amination4 of the fullerene occurred at room temperature with the ω-functional
~NH2 group.40
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Figure 2. A glass substrate functionalized with 3-aminopropyltrimethoxysilane is
presented with a selectively functionalized MPC. These molecules can allow thin film
deposition onto the substrate through covalent, or electrostatic interactions.

Figure 3. Cartoons of layer-by-layer assemblies of gold MPCs (MUA or ATP) and
various linking molecules (Cu2+, PAH polymer, PSS polymer, or PAMAM dendrimer).
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Assembly of MPCs thin films has also been demonstrated using one-step instead
of alternating dip cycle. For example, covalently networked MPCs functionalized with
MUA and 11-mercaptopundecanol (MUO) were co-dissolved with cross-linking agent
that facilitated using ester coupling reactions between the particles.41 Similarly, Zhong et
al. has demonstrated assembly using a one-step exchange-crosslinking precipitation
method.30 In this method, a substrate was immersed into a single solution of co-dissolved
alkanethiolate-protected MPCs and dithiol. Exchange of the alkanethiolate with the
dithiol ligands was followed by eventual cross-linking (particle-particle), precipitating
these 3-dimensional networks as thin films onto the substrate surface. This method was
repeated using hydrogen-bonding networks of MUA-functionalized MPCs with dithiol.30
E. Stability of Gold MPCs and MPC Thin Films
The stability of SAMs of sulfur containing ligands on bulk gold has received
intense research interest since the discovery of highly stable and ordered SAMs of dialkyl
disulfides42 and alkanethiols43,44 on two-dimensional gold.14 These topics have included
extensive detail of the adsorption45,46 and desorption kinetics,47 thermodynamics of
ligand-gold interactions,14 oxidation,14 and characterization of SAMs of both thiol and
disulfide ligands on gold.14 Likewise, the use of these monolayers as nanoparticle
protecting shells provides a relatively new arena to study stability of these monolayer
ligands on smaller and more “curved” dimensional gold surfaces. Extension of these
studies to their use as nanoparticle protecting shells is necessary for these particles to fullfill their full application potential.14
Chen et al. investigated the chemical and thermal stability of MPCs protected by
both n-alkanethiolate and arenethiolates.48,49 Decomposition of these MPCs was induced
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by introducing an aqueous solutions of sodium cyanide to MPCs dissolved in
tetrahydrofuran (THF). The cyanide anion acts as a strong nucleophile and etches the
gold core, and results in predominately gold disulfides and colorless cyano-gold
complexes. This reaction was monitored using UV-vis spectroscopy monitoring the
absorbance intensity of the SPR band and the absorbance data was fit with first order rate
equation to determine rate constants for each ligand type. Their investigations showed
that for n-alkanethiolate-protected MPCs, rates of decomposition decreased with
increasing chain-length of the ligand. The results were less clear for arenethiolateprotected MPCs, however decomposition rates were notably larger than for
alkanethiolates-protected MPCs.48,49 Thermogravimetric analysis (TGA) was also used to
assess thermal stability by comparing onset decomposition temperatures, temperature
ranges for mass loss, and final % mass loss. Chen et al. found no correlation between
packing density of the monolayer and thermal stability, however alkanetholate-protected
MPCs were notably more stable than the arenethiolate-protected MPCs.48,49
Thermal stability of gold MPC thin films was also studied by Luo et al. Gold
MPCs protected by mixed-monolayers containing n-decanethiolate ligand with addition
of either MUA or 1,9-nonanedithiol as linking agents. Addition of these molecules
resulted in cross-linking of particles and eventual deposition of three-dimensional
networks as thin films. These films were heat treated from 50-400oC and the spectral
evolution of the SPR absorbance band was monitored using UV-vis spectroscopy. There
results suggest the overall thermal stability of these films was dependent on which crosslink molecule used, with higher stability observed for the dithiol-linked (covalent) films
than the MUA-linked (hydrogen bonding) films.30
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F. Objective of this Study
Monolayer-protected gold nanoparticles with reported average diameters of 2.2
nm, 3.2 nm, and 4.4 nm have been synthesized using alkanethiolate and arenethiolate
protecting ligands from Brust-Schiffrin method and characterized using transmission
electron microscopy (TEM). The 2.2 nm sized 1-hexanethiolate-protected gold MPCs
were also functionalized using ligand place exchange with 11-mercaptoundecanoic acid
(MUA), 11-mercaptoundecanol (MUO), or 4-aminothiophenol (ATP) to prepare particles
with mixed-monolayers (MMPCs).
MUA- and ATP-functionalized MMPCs were self-assembled as multi-layered
thin film nanocomposites on functionalized glass substrates using a layer-by-layer
approach with the following linking molecules: generation 2 polyamidoamine
(PAMAM), sodium poly(styrene sulfonate) (PSS), poly(allylamine hydrochloride)
(PAH), buckminsterfullerene (C60), and copper metal cations (Cu2+). The relative
chemical, thermal, and ultrasonic stability of these nanoparticles and thin film
nanocomposites were investigated by thermogravimetric analysis (TGA) and/or
spectroscopic characterization before, during and after chemical, thermal and ultrasonic
treatments. Additionally, ATP-functionalized MMPCs were co-dissolved with C60 and
deposited as thin film nanocomposite using an in-situ cross-linking assembly method.
Film deposition rates were monitored using UV-vis spectroscopy, and film morphology
and electrical conductivity were investigated using conductive atomic force microscopy
(C-AFM) for comparison with that of the C60-MMPC multi-layer film prepared layer-bylayer. A better understanding of the stabilities of these nanomaterials is needed in order
for these materials to realize their full application potential.
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II.

MATERIALS AND METHODS

A. List of Materials
The following reagents were obtained from ACROS Organics:
1. Tetrachloroaurate trihydrate - Tetrachloroaurate trihydrate (HAuCl4 * 3H2O) has a
formula weight of 393.83 amu and a melting point of 254oC. It is hygroscopic and
microcrystalline in form with an orange color in appearance. When tetrachloroaurate
trihydrate was not in use, it was stored under refrigeration (3.7oC) as recommended by
ACROS Organics.
2. Sodium borohydride, 99% - Sodium borohydride (NaBH4) has a formula weight
of 37.83 amu. Sodium borohydride is hygroscopic and has a physical appearance as a
white powder.
3. Copper (II) perchlorate hexahydrate, 98% – Copper (II) perchlorate hexahydrate
(CuCl2O8 * 6H2O) has a formula weight of 370.52 amu. It is hygroscopic, blue in color,
and microcrystalline in form. When it was not in use, it was stored under refrigeration
(3.7oC) as recommended by ACROS Organics.
4. Acetonitrile, 99.5 %, HPLC grade – Acetonitrile (C2H3N) has a formula weight of
41.05 amu, a boiling point of 82oC, and a density of 0.781 g/mL.
5. 3-Aminopropyltrimethoxysilane, 95% - 3-Aminopropyltrimethoxysilane
(C6H17NO3Si) has a formula weight of 179.29 amu, a boiling point of 92oC, and a density
of 1.010 g/mL. 3-Aminopropyltrimethoxysilane is moisture sensitive and has a physical
appearance as a colorless liquid.
6. 3-Mercaptopropyltrimethoxysilane, 95% - 3-Mercaptopropyltrimethoxysilane
(C6H16O3SSi) has a formula weight of 196.34 amu, a reported boiling point of 213-
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215oC, and a density of 1.057 g/mL. It has a physical appearance as a colorless liquid and
has a strong pungent odor.
7. Buckminsterfullerene, 99.9 % - Buckminsterfullerene (C60) has a formula weight
of 720.65 amu and has a physical appearance as an opaque and black powder.
8. Toluene, 99.5%, ACS specified – Toluene (C7H8) has a formula weight of 92.14
amu, a boiling point of 111oC, and a density of 0.866 g/mL.
9. Dichloromethane, 99.5%, ACS specified – Dichloromethane (CH2Cl2) has a
formula weight of 84.93 amu, a boiling point of 40oC, and a density of 1.320 g/mL.
10. Acetone, HPLC grade – Acetone (C3H6O) has a formula weight of 58.08 amu, a
boiling point of 56.5oC, and a density of 0.790 g/mL.
11. Ethyl alcohol, denatured for HPLC – Ethanol (C2H6O) has a formula weight of
46.06 amu, a boiling point of 78oC, and a density of 0.780 g/mL.
12. Methyl alcohol, ACS specified – Methanol (CH4O) has a formula weight of 32.04
amu, a boiling point of 64.7oC, and a density of 0.791 g/mL.
13. Isopropyl alcohol, ACS specified – Isopropanol (C3H8O) has a formula weight of
60.09 amu, a reported boiling point of 81-83oC, and a density of 0.785 g/mL.
14. Hydrogen peroxide, 30%, ACS certified – Hydrogen peroxide (H2O2) has a
formula weight of 34.01 amu. A 30 wt% aqueous solution of hydrogen peroxide has a
boiling point of 108oC, and a density of 1.110 g/mL. It has a physical appearance of a
clear and colorless liquid.
15. Potassium hydroxide, ca. 85%, ACS reagent grade – Potassium hydroxide (KOH)
has a formula weight of 56.11 amu. Potassium hydroxide has a physical appearance of a
white and opaque solid and is hygroscopic.
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16. Sulfuric acid, 95%, ACS reagent grade - Sulfuric acid (H2SO4) has a formula
weight of 98.08 amu, a boiling point of 290oC, and a density of 1.830 g/mL. It is
hygroscopic, and appears as a clear and colorless liquid.
17. Hydrochloric acid, 37%, ACS reagent grade - Hydrochloric acid (HCl) has a
formula weight of 36.46 amu, a boiling point of 57oC, and a density of 1.180 g/mL. It
appears as a clear and colorless liquid.
18. Tetrahydrofuran, HPLC grade – Tetrahydrofuran (C4H8O) has a formula weight
of 72.11 amu, a boiling point of 66oC, and a density of 0.889 g/mL. It appears as a
colorless liquid and has a characteristic odor.
The following reagents were obtained from Aldrich Chemical Company:
1. Tetraoctylammonium bromide- Tetraoctylammonium bromide (C32H68NBr) has a
formula weight of 546.79 amu with a reported melting point of 95-98oC.
Tetraoctylammonium bromide has a physical appearance as white flakes or powder.
2. Polyamidoamine-G2, 20 wt% – Generation 2 polyamidoamine (C56N26O12H92), 20
wt% in methanol, has a formula weight of 3271.93 amu, a boiling point of 65oC, and a
density of 0.862 g/mL. It has a physical appearance as a colorless liquid.
3. Poly(sodium 4-styrenesulfonate), 30 wt% – Poly(sodium 4-styrenesulfonate), 30
wt% in H2O, has an average MW ca. 70,000 amu, and a density of 1.158 g/mL. The
physical appearance is a colorless liquid.
4. Poly(allylamine hydrochloride) – Poly(allylamine hydrochloride) has an average
MW of ca. 56,000 amu. It has a physical appearance of a colorless liquid.
5. 4-Aminothiophenol, 97% - 4-aminothiophenol (C6H7NS) has a formula weight of
125.19 amu, and a reported boiling point of 140-145oC. 4-aminothiophenol is
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microcrystalline in structure, slightly amber in color, and possesses a strong and pungent
odor.
6. 4-tert-Butylbenzyl mercaptan, 97% - 4-tert-butylbenzyl mercaptan (C11H16S) has
a formula weight of 180.31 amu, a boiling point of 238oC, and a density of 0.96 g/mL.
7. 2-Phenylethanethiol, 99% - 2-Phenylethanethiol (C8H10S) has a formula weight of
138.23 amu, a reported boiling point of 102-103oC, and a density of 0.966 g/mL. It
appears as a clear and pale-yellow liquid and has a strong pungent odor.
8. 1-Hexanethiol, 95% - 1-Hexanethiol (C6H14S) has a formula weight of 118.24
amu, a reported boiling point of 150-154oC, and a density of 0.832 g/mL. 1-Hexanethiol
appears as a pale-yellow liquid and possesses a strong pungent odor.
9. 1-Octanethiol, 97% - 1-Octanethiol (C8H18S) has a formula weight of 146.29
amu, a reported boiling point of 197-200 oC, and a density of 0.843 g/mL. 1-Octanethiol
appears as a pale-yellow liquid and possesses a strong pungent odor.
10. 1-Dodecanethiol, 98% - 1-Dodecanethiol (C12H26S) has a formula weight of
202.39 amu, a reported boiling point of 266-283oC, and a density of 0.845 g/mL. It
appears as a pale-yellow liquid and has a strong and pungent odor.
11. 1-Nonanethiol, 95% – 1-Nonanethiol (C9H20S) has a formula weight of 160.32
amu, a reported boiling point of 220oC, and a density of 0.842 g/mL. It appears as a paleyellow liquid and has a strong pungent odor.
12. 1-Pentanethiol, 98% - 1-pentanethiol (C5H12S) has a formula weight of 104.21
amu, a reported boiling point of 126oC, and a density of 0.840 g/mL. It appears as a paleyellow liquid with a strong pungent odor.
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13. 1-Pentadecanethiol – 1-pentadecanethiol (C15H32S) has a formula weight of
244.48 amu, a reported boiling point of 325oC, and a density of 0.847 g/mL. It appears as
a pale-yellow liquid and has a strong pungent odor.
14. 11-Mercapto-1-undecanoic Acid, 95% – 11-mercapto-1-undecanoic acid
(C11H22O2S) has a formula weight of 218.36 amu. It appears as a pale-yellow liquid and
has a strong pungent odor.
15. 11-Mercapto-1-undecanol, 97% – 11-mercaptoundecanol (C11H24OS) has a
molecular formula of 204.37 amu. It appears as a pale-yellow liquid and has a strong
pungent odor.
16. Sodium cyanide, 95%, ACS reagent grade - Sodium cyanide (NaCN) has a
formula weight of 49.01 amu. Sodium cyanide is microcrystalline in structure, odorless,
and appears as a white solid.
B. Synthesis of Gold MPCs
Synthesis and functionalization procedures of gold MPCs are described in the
following sections. Figure 6 provides an overview of ligand types used in these
preparations.
B.1.

Synthesis of 2.2 nm Size Gold MPCs
The synthesis of gold MPCs protected by n-alkanethiols of varying chain length

(1-pentanethiol, 1-hexanethiol, 1-octanethiol, 1-nonanethiol, 1-dodecanethiol, and 1pentadecanethiol) and 2-phenylethanethiol (PhC2SH) followed a modified Schiffrin
reaction12 in biphasic toluene/H2O system (illustrated in figure 4). As reported by Murray
et al.,3 the molar ratio of the thiol ligand to gold was controlled (2:1) to target an average
particle size of 2.2 nm. The reaction began with 0.480 g (1.2mmol) of HAuCl4 * 3H2O in
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25 mL of Nanopure water placed in the reaction flask. AuCl4- was phase transferred into
the toluene (50 mL) layer by the addition of 1.64g (3.00 mmol) of tetraoctylammonium
bromide. The reaction was stirred at room temperature until all the gold was transferred
(ca. 10 min) and the clear aqueous phase was discarded. The n-alkanethiol (2.4 mmol),
such as 1-hexanethiol (0.280 g, 2.4 mmol), or the 2-phenylethanethiol (2.4 mmol, 0.332
g) was added and the reaction was stirred for approximately 10 minutes at room
temperature prior to adding NaBH4 (0.450 g, 12 mmol) dissolved in 10 mL of Nanopure
water over a period of approximately 5 seconds. The solution quickly darkens, and the
reaction is stirred at room temperature for 3 hours. The water phase was discarded, and
the toluene was removed under vacuum leaving a black precipitate. The precipitate was
suspended in acetonitrile (50 mL) and then exhaustively washed with acetonitrile and
acetone using a glass filtration frit and dried once again under rotary evaporation. The
particles were labeled as “2X Au MPCs” and ligand type denoted on the label. The
solubility of the particles in hexane or dichloromethane was checked, and the particles
were stored as dry powder for later use. The average molecular weight formula reported
for this reaction product is Au314L91.3
The synthesis of gold MPCs protected by 4-t-butylbenzyl mercaptan (t-BuBzSH)
was carried out similarly using a single phase of tetrahydrofuran (THF)/H2O mixture.
The reaction began with 0.480 g (1.2mmol) of HAuCl4 * 3H2O added to 50 mL of THF
and dissolved in the reaction flask. 4-t-Butylbenzyl mercaptan (0.433 g, 2.4 mmol)
dissolved in 20 mL of THF was added and the reaction was stirred for approximately 10
minutes at room temperature prior to adding NaBH4 (0.450 g, 12 mmol) dissolved in 10
mL of Nanopure water over a period of approximately 5 seconds. The solution quickly
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darkened, and the reaction was stirred at room temperature for 3 hours. The water phase
was discarded, and the toluene was removed under vacuum leaving a black precipitate.
The precipitate was suspended in acetonitrile (50 mL) and then exhaustively washed with
acetonitrile and acetone using a glass filtration frit and dried once again under rotary
evaporation. The particles were labeled as “2X Au MPCs” and ligand type denoted on the
label. The solubility of the particles in hexane or dichloromethane was checked, and the
particles were stored as dry powder for later use. The average molecular weight formula
reported for this reaction product is Au314L91.3
B.2.

Synthesis of 3.2 nm Size Gold MPCs
The modified Schiffrin reactions previously described (section B.1.) were used at

room temperature, and as reported by Murray et al.,3 the molar ratio of the thiol ligand to
gold was controlled (1:2) to target an average particle size of 3.2 nm. For example,
HAuCl4 * 3H2O (0.480 g, 1.2mmol) dissolved in 25 mL of Nanopure water was added to
50 mL of toluene in a reaction flask. AuCl4- was phase transferred into the toluene layer
by the addition of 1.64g (3.00 mmol) of tetraoctylammonium bromide. 1-Hexanethiol
(0.071 g, 0.60 mmol) was added, and the reaction was stirred for approximately 10
minutes at room temperature before sodium borohydride reduction (0.450 g, 12.0 mmol).
After the washing and drying procedure, the particles were labeled as “1/2X Au MPCs”
and ligand type denoted on the label. The solubility of the particles in hexane was
checked, and the particles were stored as dry powder for later use. The average molecular
weight formula reported for this reaction product is Au1289L221.
B.3.

Synthesis of 4.4 nm Size Gold MPCs
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The modified Schiffrin reactions previously described (section B.1.) were used at
room temperature, and as reported by Murray et al.,3 the molar ratio of the thiol ligand to
gold was controlled (1:6) to target an average particle size of 4.4 nm. For example,
HAuCl4 * 3H2O (0.480 g, 1.2mmol) dissolved in 25 mL of Nanopure water was added to
50 mL of toluene in a reaction flask. AuCl4- was phase transferred into the toluene layer
by the addition of 1.64g (3.00 mmol) of tetraoctylammonium bromide. 1-Hexanethiol
(0.024 g, 0.20 mmol) was added, and the reaction was stirred for approximately 10
minutes at room temperature before sodium borohydride reduction (0.450 g, 12.0 mmol).
After the washing and drying procedure, the particles were labeled as “1/6X Au MPCs”
and ligand type denoted on the label. The solubility of the particles in hexane were
checked, and the particles were stored as dry powder for later use. The average molecular
weight formula reported for this reaction product is Au2951L371.3
B.4.

Synthesis of 11-Mercaptoundecanoic Acid Gold MMPCs
Functionalization of MPCs was carried out using ligand place exchange3

(illustrated in figure 5). In an Erlenmeyer flask, 0.100 g of the 2.2 nm gold
hexanethiolate-protected nanoparticles (2X C6 Au MPCs) were dissolved in 50 mL of
methylene chloride at an approximate concentration of 2 mg/mL. 0.082 g (0.377 mmols)
of 11-mercapto-1-undecanoic acid (MUA) was added to the reaction. The flask was
sealed, vented via syringe, and stirred at room temperature for 72 hours. The solvent was
removed under vacuum and the particles were collected and exhaustively washed with
acetonitrile and acetone using a glass filtration frit. The solubility of the particles in
ethanol was checked, and the particles were then labeled as “2X MUA Au MPCs” and
stored in dry powder form for later use.
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B.5.

Synthesis of 11-Mercaptoundecanol Gold MMPCs
In an Erlenmeyer flask, 0.100 g of the 2.2 nm hexanethiolate-protected gold

nanoparticles (2X C6 Au MPCs) were dissolved in 50 mL of methylene chloride at an
approximate concentration of 2 mg/mL. 0.154 g (0.753 mmols) of 11-mercapto-1undecanol (MUO) was added to the reaction. The flask was sealed, vented via syringe,
and stirred at room temperature for 72 hours. The solvent was removed under vacuum
and the particles were collected and exhaustively washed with acetonitrile and acetone
using a glass filtration frit. The solubility of the particles in ethanol was checked, and the
particles were labeled as “2X MUO Au MPCs” and stored in dry powder form for later
use.
B.6.

Synthesis of 4-Aminothiophenol Gold MMPCs
In an Erlenmeyer flask, 0.100 g of the 2.2 nm hexanethiolate-protected gold

nanoparticles (2X C6 Au MPCs) were dissolved in 50 mL of methylene chloride at an
approximate concentration of 2 mg/mL. 0.047 g (0.377 mmols) of 4-aminothiophenol
(ATP) was added to the reaction. The flask was sealed, vented via syringe, and stirred at
room temperature for 72 hours. The solvent was removed under vacuum and the particles
were collected and exhaustively washed with acetonitrile and acetone using a glass
filtration frit. The solubility of the particles in ethanol was checked, and the particles
were labeled as “2X ATP Au MPCs” and then stored in dry powder form for later use.
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HAuCl4

+

RSH

Oct4NBr

NaBH4 (aq)

Toluene

Core Size:
diameter (2 - 10 nm)

Figure 4. The modified Schiffrin reaction.
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Figure 5. The ligand place exchange for functionalization of the monolayer.

Figure 6. Illustrating monolayer ligands used in synthesis of MPCs and MMPCs.
24

B.7.

Characterization of MPCs
Gold MMPCs containing MUA, MUO, and ATP prepared via ligand exchange

reactions with 2.2 nm size hexanethiolate-protected nanoparticles were dissolved in
chloroform and decomposed with the addition of iodine. The decomposition products
were characterized using proton (1H), and Carbon (13C) Nuclear Magnetic Resonance
(NMR) Spectroscopy to determine relative ligand composition in the monolayer. NMR
data showed compositions of the MMPCs to be approximately Au314(SC6)55MUA36,
Au314(SC6)32MUO59, and Au314(SC6)73ATP18.40,50
1-Hexanethiolate-protected gold MPCs prepared at 2.2 nm (Au314), 3.2 nm
(Au1289), and 4.4 nm (Au2951) reaction conditions were characterized using a JEOL
120CZ scanning/transmission electron microscope (TEM). Samples were prepared for
TEM by drop-casting 1 drop of C6 Au MPC solution dissolved in hexane at
approximately 1 mg/mL. TEM images of these MPCs are provided below in figures 7, 8,
and 9, respectively.
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Figure 7. TEM image of Au314 prepared at a molar ratio of 2:1 thiol to gold.

Figure 8. TEM image of Au1289 prepared at a molar ratio of 1:2 thiol to gold.
26

Figure 9. TEM image of Au2951 prepared at a molar ratio of 1:6 thiol to gold.

27

C. Thin Film Preparation
C.1.

Functionalization of Glass Substrates
Preparation of nanoparticle multilayer-films begins with modification of a glass

surface. Glass microscope slides were soaked in piranha etch solution (2:1 concentrated
H2SO4:30 wt% H2O2) for at least 20 minutes, rinsed thoroughly with soapy water and
then again with distilled water, dried and allowed to cool. Silylation was then carried out
by placing the glass slides in 100 mL of isopropyl alcohol solution containing 1 mL
Nanopure water and also 1 mL of functionalized alkoxysilane, either 3aminopropyltrimethoxysilane (3-APTMS) or 3-mercaptopropyltrimethoxysilane (3MPTMS). The slides were heated for 30 minutes at 78 oC, rinsed with ethanol, and dried
with nitrogen gas. The slides were then dried in an oven for 30 minutes at 100 oC. The
silylation procedure was then repeated with fresh alkoxysilane solution two more times
with subsequent washing, drying and heating each time. The prepared slides were stored
in a dry cabinet for future use.
C.2.

Preparation of Linking Molecules
Metal cations, polymers and buckminsterfullerene were prepared at the following

conditions for their use as linking molecules in self-assembly of thin film
nanocomposites:
1. Divalent Copper Cation – 0.131 g of copper (II) perchlorate hexahydrate was added
to 20 mL of Nanopure water to form a 0.1 M solution.
2. G2 Polyamidoamine (PAMAM) – 0.500 mL of PAMAM (G2) dendrons were
dissolved into 10 mL of methanol to prepare a 5.0 v/v% solution.
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3. Poly(sodium 4-styrene-sulfonate) (PSS) – 10 mg of PSS were dissolved in 10 mL of
Nanopure water and 0.1 M HCl was added until the pH of the solution was
approximately 1.4.
4. Poly(allylamine hydrochloride) (PAH) – 10 mg of PAH were dissolved into 10 mL of
Nanopure water and 0.1 M NaOH was added until the pH of the solution was
approximately 9.2.
5. Buckminsterfullerene – Buckminsterfullerene (C60) was dissolved in toluene at a
concentration of 1 mg/mL.
C.3.

Assembly of Thin Film Nanocomposites
Multilayer films of nanoparticles were constructed using a layer-by-layer (LbL)

approach. Solutions of MUA MMPCs, MUO MMPCs, and ATP MMPCs were prepared
in ethanol at a concentration of 1 mg/mL. The functionalized glass slides were then
alternately soaked in solution of linking molecules and ethanolic solution of the MMPCs.
With the addition of each layer of gold MMPCs, the color of the glass slide darkens from
a clear and colorless substrate to deep purple. Figure 10 provides a photograph comparing
color of a functionalized glass substrate, a single (1) layer film of gold MMPCs and a
completed multilayer film assembly with 5 layers of gold MMPCs. The color change can
be monitored with UV-vis spectroscopy and absorbance intensity of the SPR band
increases with each additional layer. Figures 11 and 12 provide cartoons illustrating
PAMAM-MUA and ATP-C60 multi-layer films, respectively. The UV-vis absorbance
spectra after deposition of each linker-MMPC bilayer is also provided. In addition, an insitu cross-linking approach was used to prepare nanocomposite films containing C60 with
ATP MMPCs where both C60 and ATP MMPC were co-dissolved in solution.
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1. Cu-MUA films – To prepare a single bilayer of MUA MMPCs linked by copper
cations, the substrates functionalized with 3-MPTMS were first soaked in the 2X MUA
MMPC solution for 60 minutes and dried under nitrogen gas at room temperature. The
slides were then soaked in copper solution for 20 minutes and dried under nitrogen gas at
60oC. These steps were then repeated an additional four times so that five MMPC and
copper cation bilayers were assembled. The samples were then labeled as Cu-MUA films.
2. PAH-MUA films – To prepare a single bilayer of MUA MMPCs linked by PAH
polymer, the substrates functionalized with 3-MPTMS were first soaked in the 2X MUA
MMPC solution for 60 minutes and dried under nitrogen gas at room temperature. The
slides were then soaked in PAH solution for 20 minutes and dried under nitrogen gas at
60oC. These steps were repeated an additional four times so that five MMPC and PAH
bilayers were assembled. The samples were then labeled as PAH-MUA films.
3. PAMAM-MUA films – To prepare a single bilayer of MUA MMPCs linked by
PAMAM dendrons, the substrates functionalized with 3-MPTMS were first soaked in the
2X MUA MMPC solution for 60 minutes and dried under nitrogen gas at room
temperature. The slides were then soaked in PAMAM solution for 20 minutes and dried
under nitrogen gas at room temperature. These steps were repeated an additional four
times so that five MMPC and PAMAM bilayers were assembled. The samples were then
labeled as PAMAM-MUA films.
4. PSS-ATP films – To prepare a single bilayer of ATP MMPCs linked by PSS
polymer, the substrates functionalized with 3-APTMS were first soaked in the PSS
solution for 20 minutes and dried under nitrogen gas at 60oC. The slides were then soaked
in the 2X ATP MMPC solution for 20 minutes and dried under nitrogen gas at room
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temperature. These steps were repeated an additional four times so that five PSS and
MMPC bilayers were present on the substrate. The samples were then labeled as PSSATP films.
5. C60-ATP films – To prepare a single bilayer of ATP MMPCs linked by C60, the
substrates functionalized with 3-APTMS were first soaked in C60 solution for 24 hours,
washed with ethanol and dried under nitrogen gas at room temperature. The slides were
then soaked in 2X ATP MMPC solution for 24 hours, washed with ethanol and dried
under nitrogen gas at room temperature. These steps were repeated an additional four
times so that five C60 and MMPC bilayers were present on the substrate. The samples
were then labeled as C60-ATP films.
6. C60-ATP films (in-situ) –C60 and 2X ATP MPCs were also co-dissolved in
toluene at concentration of 1 mg/ml each. The glass substrates functionalized with 3APTMS were soaked in solution over time. The slides were washed with ethanol and
dried under nitrogen gas at room temperature.
C.4.

Characterization of Thin Film Nanocomposites
Films were characterized by UV-vis Spectroscopy using a Shimadzu UV-2101 PC

UV-vis Spectrophotometer. The SPR band for gold is at 520 nm. For LbL assembled
multi-layer films, absorption measurements were made after the addition of each layer
and changes in the SPR band were monitored (figures 13 and 14). Multilayer films were
stored in a dry cabinet after preparation and between characterization measurements.
C60-ATP films prepared by LbL method and by the in-situ cross-linking method
were characterized to compare assembly methods, nanocomposite deposition rates, and
differences in resulting films. For the multilayer film prepared using LbL approach,
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absorbance measurements were made after deposition of each bilayer, every 48 hours,
until assembly was completed (after 10 days). For the film assembled via the in-situ cross
linking method, absorbance was measured periodically (30 min, 1 hour, 3 hours, 6 hours,
24 hours) during immersion in MPC/C60 solution, until assembly was completed (after 24
hours). The films were also characterized using an Asylum Research MFP-3D atomic
force microscope (AFM) where the surface of each film was profiled using a conductive
tip (C-AFM) to profile the film surface and generate current-voltage (I-V) curves to
measure differences in conductivity within the nanocomposites.

32

Figure 10. Photograph of slides prepared. From left to right, silanized glass slide, glass
slide with 1 bilayer of linking molecules and gold MMPCs, and glass slide with 5
bilayers of linking molecules and MMPCs.
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Figure 11. Absorbance spectra (top) of multilayer film prepared on a glass substrate
using MUA MMPCs and G2 PAMAM dendrimers. Cartoon (bottom) illustrating the
nanostructure film prepared from MUA MMPCs and PAMAM.
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Figure 13. Absorbance spectra of multilayer films prepared on a glass substrate using
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D. Chemical Treatments of Gold MPCs and MPC Films
To a 3 mL solution of ~8.3 mM Au MPCs (Au314(SC6)91, Au314(SC15)91, or
Au314(tBuBzS)91) or ~8.3 mM Au MMPCs (Au314(SC6)55MUA36, Au314(SC6)32MUO59,
or Au314(SC6)73ATP18) dissolved in THF, was added 0.500 mL of 60.9 mM NaCN(aq)
(final concentration ~7.1µM MPCs/MMPCs, ~8.7 mM NaCN). The decomposition was
performed at room temperature, and after brief agitation, the absorbance readings were
monitored over time using a Shimadzu UV-2101 PC UV-vis Spectrophotometer. Color
change was noted as the purple colored solution of dissolved MMPCs became colorless
over time.
Similarly, the absorbance of Au MMPC multilayer films on glass slides was
measured with the UV-vis spectrophotometer before, and then as a function of time while
immersed in solutions containing chemical reagents, such as 0.1 M KCN(aq), 0.1 M
HCl(aq) or 0.1 M KOH(aq). The slides containing the thin films were rinsed with Nanopure
water, and then ethanol, and then completely dried under nitrogen before measurements.
E. Thermal Treatments of Gold MPCs and MPC Films
The thermal stability of 2.2 nm MPCs and MMPCs was investigated by
thermogravimetric analysis (TGA) conducted by the Thermal Analysis Laboratory within
the Western Kentucky University Material Characterization Center. The TGA was done
using a TA instruments TGA2950 using ultrahigh purity (UHP) nitrogen atmosphere. The
flow rate was 50 mL/min, and the heating rate was ramped from room temperature to
600oC, at 20oC/min.
The thermal stability of MMPC nanocomposite films was studied using the
Shimadzu UV-2101 PC UV-vis Spectrophotometer. The absorbance of the films on glass
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surface was monitored before, and then as a function of time during the heating
treatments in oven under air. During heat treatment, the temperature was maintained at
100oC ± 5oC.
F. Ultrasonic Irradiation Treatments of Gold MPCs and MPC Films
Absorbance of the MPCs, MMPCs and the nanocomposite films were measured
using the Shimadzu UV-2101 PC UV-vis spectrophotometer before, and as a function of
time, during ultrasonic irradiation of the samples. The particles were dissolved in vials of
THF (10 mL, final concentration ~7.1 µM) during treatment, while the nanocomposite
films on glass slides were submerged into the vials containing 30 mL of acetonitrile. The
ultrasonic irradiation was conducted in continuous mode with an Ultrasonic Generator
UG 1200 manufactured by Hanil Ultrasonic Co, Ltd. The frequency was 20 kHz and the
power was 750 W. The configuration of the system was horn type, and the size of the
horn tip was 13 mm in diameter. The horn was not directly placed in the MPC solution or
the acetonitrile containing the nanocomposite films. Instead, the horn was partially
submerged in a larger basin filled with water, approximately 6 cm in proximity to the
sample vials. Temperature of bath during irradiation treatment was kept under 43oC
(room temperature - 43oC). The power emission by the ultrasonicator was calculated to
be approximately 75 W/mL of MPC solution and 25 W/mL of solution containing
nanocomposite films.
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III.

RESULTS AND DISCUSSION

A. Chemical Stability
A.1.

Chemical Treatment of MPCs
Previous studies on self-assembled monolayers (SAMs) of alkanethiolates on

bulk51,52 and nano-sized20,49,53 gold have shown that cyanide acts as a strong nucleophile,
dissociating the monolayer ligand and etching the gold forming colorless cyano-gold
complexes.48,49 These efforts have shown that this reaction can be monitored with UV-vis
spectroscopy, as the absorbance intensity of the SPR band (~520-525 nm) for these Au
MPCs (2-20 nm) decreases during decomposition. The reaction can be expressed as a
first-order reaction with respect to both NaCN and Au particle concentrations, therefore
second-order overall.
The peak absorbance within the SPR band was monitored as a function of time for
known concentrations of 2X MPCs (C6, C15, tBuBzS) and 2X MMPCs (MUO, ATP) in
the presence of a known concentration of NaCN in THF:H2O (~85:15 v/v%). The
reaction kinetics were experimentally simplified by keeping NaCN concentration orders
of magnitude higher than MPCs in solution, and therefore, a pseudo first-order rate
constant was determined for NaCN. The absorbance data was then fit with the general
first-order equation, provided in equation 6, where α is the known starting particle
concentration, k is the unknown rate constant, y is the experimental peak absorbance
value at a specified reaction time, t, and yo is a constant that accounts for small loss of
transmittance due to light scattering.
y = yo + αe-kt

[6]
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From these absorbance measurements, the decomposition rate was determined
and used as a measure of core protection and stability. Figure 15 provides a data plot of
the measured absorbance values recorded during CN- induced decomposition. The data
has been normalized as percentage of the initial peak absorbance intensity. Table 1
provides the calculated rates of decomposition for each particle studied.
Results show that decomposition of gold MPCs with hexanethiolate ligands occur
more quickly than those with 1-pentadecanethiolate ligands, as previously reported.6 The
data suggests that longer alkyl chain ligands in n-alkanethiolate monolayers result in
greater steric and nonpolar barrier, which provides the metal core with enhanced
protection against the attacking nucleophile. The rate constant for the decomposition of
MPCs with 2-benzylethanethiolate ligands was also found to be larger than that of either
1-hexanethiolate- or 1-pentadecanethiolate-protected clusters, suggesting that
arenethiolate ligands offer less protection to the metal core than n-alkanethiolate ligands.
These results are in agreement with a previous report regarding the stability of
arenethiolate protected gold clusters.48,49 An explanation for this observation is that it is
likely the alkanethiolate monolayer has higher crystallinity, and ligands are more closely
and tightly interacted, making it more difficult for the CN- anion to reach the metal core.
It is also possible that the presence of phenyl moiety in the organic monolayer allows
intercalation of polar etchants, such as the cyanide anion, and easier access to the metal
core. Decomposition of gold clusters protected by t-butylphenylmethanethiolate ligands
and found that these MPCs decomposed much faster than other MPCs that we studied.
This result indicates that the additional steric hinderance provided by the bulky t-butyl
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groups caused destabilization of the monolayer which increased the defect sites on the
gold surface resulting in faster kinetic decomposition.
Cyanide decomposition of MMPCs synthesized from 1-hexanethiolate-protected
particles through ligand exchange show that the presence of polar functional groups, such
as amine, carboxylic and hydroxyl groups, cause destabilization of the MMPCs in the
presence of CN-. In comparison to 1-hexanethiolate-protected nanoclusters, 4aminothiophenol functionalized, 11-mercaptoundecanoic acid functionalized, and 11mecaptoundecanol functionalized gold clusters decomposed significantly faster than the
n-alkanethiolate-protected particles. This data supports that the disruption of the
crystalline structure and increased polarity of the monolayer allows greater partition of
cyanide anions to the metal.
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Figure 15. Normalized measured absorbance data plotted as a function of time during
CN- decomposition of MPCs and MMPCs.

-1 -1

MPCs

K, M s

C6S MPCs

0.170 ± 0.005

C15S MPCs

0.113 ± 0.007

PhC2S MPCs

0.195 ± 0.018

t-BuBzCS MPCs

0.959 ± 0.037

HO2CC10S:C6 MMPCs

0.307 ± 0.031

HOC11S:C6S MMPCs

0.752 ± 0.033

H2NPhS:C6S MMPCs

0.647 ± 0.032

Table 1. Calculated rate constants from CN- induced decomposition of MPCs and
MMPCs.
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A.2.

Chemical Treatment of MPC Films
Chemical stability of MMPC nanocomposite films on solid glass substrate was

investigated by absorbance measurements from 200 nm to 1100 nm before and after
chemical treatments. The SPR absorbance band intensity, location, and width was
analyzed for evidence of changes to inter-particle distance, particle aggregation, and
other property changes of the surrounding media.30 As MPC multilayers were assembled,
absorbance measurements of the films exhibited broadening of the SPR band and an
increase in the maximum absorbance wavelength (from ~520 nm to as high as ~550 nm)
with increasing number of layers and these results agree with previous reports.7 The
nanoparticle LbL films labeled Cu2+-MUA, PAMAM-MUA, PAH-MUA, PSS-ATP, and
C60-ATP (C60-ATPin-situ films were excluded from investigation) were then treated with
0.1 M HCl(aq), 0.1 M KOH(aq), and 0.1 M KCN(aq) solutions as described in the
experimental. Figures 16, 17, 18, 19, and 20 show absorbance spectra of these multilayer
films, respectively, during chemical treatment with acid, base or nucleophile for up to 24
hours (5 min, 10 min, 30 min, 1 hour, 3 hours, and 24 hours). Similar to dissolved MPC
decomposition studies, the reaction kinetics were experimentally simplified by keeping
NaCN concentration orders of magnitude higher than MPCs in solution, and therefore, a
pseudo first-order rate constant was determined for NaCN. The peak absorbance in the
SPR band was then fit with the general first-order equation (equation 6) and the rate of
desorption was determined calculated and used as a measure of nanocomposite stability.
Figures 21, 22, and 23 provide normalized absorbance measurements (percentage of the
initial peak SPR absorbance) for treatment of multilayer films in solutions of acid, base
and nucleophile, respectively. Table 2, below, provides the calculated rates of absorbance
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decay, which is used as a correlation to desorption of MMPC layers to assess stability of
the nanocomposite film.
The absorbance data shows that the exposure of the PAH-MUA, PAMAM-MUA,
and PSS-ATP multilayer films to both acidic and basic solutions resulted in at least
partial desorption of MMPC multilayers, as evidenced by the decrease, and rate thereof,
in peak absorbance intensity of the SPR band. The treatment of films to 0.1 M HCl and
0.1 M KOH both disrupted the acid/base and electrostatic interactions between layers of
MMPCs (RCOO-/RNH3+) and linking molecules (PSS-, PAH+, PAMAM+). For acid
treatment of films, the PAH-MUA film (2.98x10-4 M-1s-1) was most stable based on
measured kinetic rate of desorption, followed by PSS-ATP film (3.20x10-4 M-1s-1) with
comparable rate of desorption. In contrast, PAMAM-MUA film (1.49x10-2 M-1s-1)
desorbed most quickly, with the highest rate of absorbance decay. Likewise, treatment of
these films with 0.1 M KOH showed comparable stability trends between types of films,
however overall, rates of desorption were higher than for acidic treatments. PAH-MUA
film (3.76x10-3 M-1s-1) and PSS-ATP film (4.80x10-3 M-1s-1) resulted in very comparable
rates of desorption, while PAMAM-MUA film (2.65x10-1 M-1s-1) showed the highest rate
of absorbance decay.
The differences observed between the ionic polymer-linked films and dendrimerlinked films are likely explained by the differences in entropy due to the number of
linking group interactions per linking molecule. Many more MMPC-polymer interactions
must be dissociated before complete layer desorption occurs compared to that of a much
smaller dendron molecule. In addition, the increased rates of desorption for basic
treatment may be caused by the acid-base interactions at work in PSS/ATP, PAH-MUA,
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and PAMAM-MUA films. In all three cases, these interactions exist between positively
charged amino groups, and negatively charged carboxylate or sulfate groups. It is
possible that basic conditions mediated the proton away from the amino group more
readily than the addition of a proton to the carboxylate or sulfate group, resulting in the
faster rate of desorption in basic environment.
For acidic treatments using 0.1 M HCl, the results show that C60-ATP films (1.72
x 10-4 M-1s-1) were more stable than other nanoparticle multilayers based on the kinetic
rate of desorption. The enhanced stability of the C60-ATP films can be attributed to the
covalent bond formed via nucleophilic addition reaction between primary amine and C60
(amination). The bonding between layers of MMPCs and C60 would be less susceptible to
acidic treatment than weaker intermolecular forces, such as acid-base, or electrostatic
interactions.
In contrast to ionic polymer- and dendrimer-linked films, Cu2+-MUA multilayers
are facilitated by metal-organic coordination rather than acid-base interaction. Treatment
with 0.1 M HCl still disrupted this coordination by protonating the negatively charged
carboxylate (base) forming the weak acid, and absorbance measurements resulted in
desorption rate (3.91 x 10-4 M-1s-1) comparable to desorption rates of the polymer linked
nanoparticle films. Interestingly however, when treated with the 0.1 M KOH, calculated
rates of desorption (4.44 x 10-3 M-1s-1) were still comparable to the polymer-linked films.
This comparable rate of desorption was not predicted, since the coordination of the
negatively charged carboxylate functional group was maintained during treatment,
however may be explained by competition with hydroxide ions at high pH.
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The MMPC multilayer films were also treated in strong nucleophilic conditions
using 0.1 M KCN solution. The kinetic rate of desorption of PAH-MUA films (4.63 x 103

M-1s-1) was greater than desorption rates measured for other MMPC multilayers in the

KCN solution. PSS-ATP films (2.87 x 10-2 M-1s-1), Cu2+-MUA films (3.24 x 10-2 M-1s-1),
C60-ATP films (3.23 x 10-2 M-1s-1), and PAMAM-MUA films (3.91 x 10-2 M-1s-1) all
decomposed quickly according to desorption rates measured. Not only would the cyanide
anion disrupt the bonding that occurred between layers, but desorption could have been
accelerated by the strong nucleophile’s ability to penetrate the monolayer and etch away
at the gold core forming colorless cyano-gold complexes.48,49
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Figure 16. Absorbance spectra of Cu2+-MUA films during chemical treatment.

48

Desorption of PAMAM/MUA MPCs in HCl
0.6
0m
5m
10m
30m
1h
3h
24h

Absorbance

0.5
0.4
0.3
0.2
0.1
0.0
-0.1
300

400

500

600

700

800

900

Wavelength (nm)

Desorption of PAMAM/MUA Films in KOH
2.0
0m
5m
10m
30m
1h
3h
24h

Absorbance

1.5

1.0

0.5

0.0
300

400

500

600

700

800

900

Wavelength (nm)

Desorption of PAMAM/MUA MPCs in KCN
0.5
0m
5m
10m
30m
1h
3h
24h

Absorbance

0.4
0.3
0.2
0.1
0.0
-0.1
300

400

500

600

700

800

900

Wavelength (nm)

Figure 17. Absorbance spectra of PAMAM-MUA films during chemical treatment.
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Figure 18. Absorbance spectra of PAH-MUA films during chemical treatment.
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Figure 19. Absorbance spectra of PSS-ATP films during chemical treatment.
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Figure 20. Absorbance spectra of C60-ATP films during chemical treatment.

52

Normalized Absorbance
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Figure 21. Normalized measured absorbance data of multilayer films plotted as a
function of time during chemical treatment in 0.1 M HCl(aq).
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Figure 22. Normalized measured absorbance data of multilayer films plotted as a
function of time during chemical treatment in 0.1 M KOH(aq).
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Normalized Absorbance at 550 nm
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Figure 23. Normalized measured absorbance data of multilayer films plotted as a
function of time during chemical treatment in 0.1 M KCN(aq).

-1 -1

MMPC LbL Films
2+

-1 -1

K, M s
(0.1M HCl)

K, M s
(0.1M KOH)

-4

-3

-1 -1

K, M s
(0.1M KCN)
-2

Cu -MUA

3.91x10

4.44x10

3.24x10

PAMAM-MUA

1.49x10-2

2.65x10-1

3.91x10-2

PAH-MUA

2.98x10-4

3.76x10-3

4.63x10-3

PSS-ATP

3.20x10-4

4.80x10-3

2.87x10-2

C60-ATP

1.72x10

NA

3.23x10

-4

-2

Table 2. Calculated rate constants for desorption of MMPC multilayer films during
chemical treatments.
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B. Thermal Stability
B.1.

Thermal Treatment of MPCs
Because monolayer ligands play a crucial role in MPC solubility, maintaining

particle size, and preventing aggregation, the thermal desorption of these ligands have
been a focus of study to evaluate overall thermal stability of the particle.54
Thermogravimetric analysis (TGA) of the MPCs and MMPCs showed a well defined
phase of mass loss due to thermal decomposition of the organic monolayer, and provided
the temperature range at which removal as disulfides occurred.54 The maximum
temperature of the derivated thermogravimetric (DTG) peak (Tmax,DTG, oC) was used to
quantify the temperature dependence of the mass losses as a measure of relative
stability.55 Figure 24 shows TGA curves comparing decomposition of some of the nalkanethiolate-protected MPCs analyzed (C6, C9, C12, C15). Table 3 provides measured
Tmax,DTG temperatures (oC) for all analyzed MPCs prepared at 2X (2.2 nm) size reaction
conditions as well as 2X MMPCs (MUA, MUO, and ATP) functionalized from 1hexanethiolate-protected clusters using ligand place exchange.
TGA results show that when comparing MPCs protected by n-alkanethiolates,
monolayer composed of a longer alkyl chain required higher temperatures to reach total
mass loss (desorption), which agrees with previous studies.54 Additionally, the TGA data
shows the higher temperature value required to reach total mass loss occurs linearly with
ligand molecular weight. When t-BuBzCS-protected (C11, bulky) particles were
analyzed, TGA data yielded Tmax,DTG temperature of 254.04oC, which matches very
closely to the projected temperature (247.9oC) from fit data of n-alkanethiolate Tmax,DTG
temperatures (figure 25). These results suggest the thermal stability of these MPCs are
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more greatly impacted by alkyl group’s molecular weight than the alkyl group’s branch
structure (primary, secondary, tertiary).
TGA data of MMPCs containing mixture of monolayer ligands (hexanethiol and
either MUO, MUA, or ATP) showed mass losses over broader temperature ranges than
the MPCs. MUA MPCs (~120-450oC) and MUO-MPCs (~150-400oC) both exhibited
nearly separate regimes of mass loss as temperature was ramped. These results suggest
that molecular weight of ligand is still a large contributor to measured Tmax,DTG
temperature and temperature range of decomposition, however polar functional groups
present on the ligand may also influence desorption through ligand-ligand interactions.53
In contrast, ATP MPCs showed a more well-defined and nearly single phase mass loss,
where Tmax,DTG temperature was measured to 173.95oC.
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Figure 24. TGA curves comparing decomposition of gold MPCs protected with
alkanethiolate ligands of C6, C9, C12, and C15 alkyl chain lengths.

MPCs/MMPCs #C in Ligand

Average Ligand
Molecular
Weight, amu

Mass Loss,
o
Tmax,DTG, C
Wt%

C5 MPC

5

104.11

13.9

200.11

C6 MPC

6

118.24

15.4

208.71

C8 MPC

8

146.3

18.4

219.19

C9 MPC

9

160.32

20.3

236.25

C12 MPC

12

202.4

24.9

276.74

C15 MPC

15

286.56

28.8

306.75

PhC2 MPC

8

138.23

NA

NA

t-BuBzC MPC

11

180.31

37.8

254.04

MUA:C6 MMPC

11:6

not determined

17.8

120-450

MUO:C6 MMPC

11:6

not determined

19.2

150-400

ATP-C6 MMPC

6:6

not determined

4:48

173.95

Table 3. Measured mass loss (wt%) and maximum DTG decomposition temperatures of
analyzed MPCs and MMPCs.
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Figure 25. Linear fit of maximum DTG decomposition temperatures of n-alkanethiolate
protected MPCs.
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B.2.

Thermal Treatment of MPC Films
Investigating thermal stability of MMPC multilayer films, relatively low

temperature heating treatments were used that would more closely resemble practical test
environment for real technological applications and as it is known that heating MPC
assemblies at temperatures greater than 250oC will results in removal of organic
monolayer and formation of bulk gold.30,38,56 MMPC films were heat treated at 100oC
under ambient atmospheric conditions and the film absorbance was measured between
200-1100 nm as a function of treatment time. Figures 26 (Cu2+-MUA), 27 (PAH-MUA),
28 (PAMAM-MUA), 29 (PSS-ATP), and 30 (C60-ATP) provide absorbance spectra for
the MMPC multilayer films after heating at a specified treatment time (5 min, 10 min, 30
min, 1 hour, 3 hour, 24 hour). Figure 31 plots measured wavelength of the SPR
absorbance maxima during heat treatments.
The spectral evolution of measured SPR absorbance band during treatment
suggest changes in nanoparticle structures and thin film morphology, rather than the
removal of nanoparticle layers observed in chemical treatments. Complete or partial
removal of gold nanoparticle layers would result in dampened surface plasmon
absorption and a decrease in absorption intensity.38 The heating treatments, however,
resulted in increases in 1) SPR band absorption intensity, 2) wavelength of SPR
absorbance maxima, and 3) width of the SPR absorbance band as the band broadened
toward longer wavelengths (from 520 nm to >600 nm) over time. The observed band
evolution is likely indicative of change in particle size29 and inter-particle distance29,30
and the results suggests that thermally induced changes in the morphology of multilayer
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films are dependent upon the nature of linking molecules, as some linking molecule types
saw more rapid and intense spectral changes than others.
For Cu-MUA films, a large increase in absorbance within the SP band and also
broadening and red-shift of the SP band (>600 nm) was observed, indicating an increase
in particle size.10 Conversely, PAH-MUA films and PAMAM-MUA films showed higher
stability against the heating treatments without as much change in absorbance within the
SP band. We hypothesize that the enhanced stability is due to structural properties of the
PAH and PAMAM polymeric matrix limiting diffusion of the MPCs. Interestingly,
however, PSS-ATP films showed larger SP band evolution (~70 nm) than PAMAMMUA films (<20 nm) and PAH-MUA films (<20 nm) after 24 hours. This may be due to
the increased rigidity of the PSS linking molecules due to the presence of the aromatic
group. Increased rigidity could provide additional spacing between the polymer and metal
nanoparticle which might lead to higher diffusive mobility of the MPCs. Higher mobility
of electrolytes and greater charge transport behavior has been observed for PSS-ATP
films in comparison to the PAH-MUA films.39 Heat treatment of C60-ATP films also
showed significant increase in SPR absorption intensity and the most rapid increase in
SPR absorbance maxima wavelength. Despite the stronger covalent bond formation
between linking molecule and particle, these results suggest that diffusion of particles
within these nanostructures is relatively unrestricted and that the particle density within
the nanocomposite may also be high compared to the other films.4
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Figure 26. Absorbance measurements of Cu2+-MUA multilayers after heat treatments.
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Figure 27. Absorbance measurements of PAH-MUA multilayers after heat treatments.
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Annealing of PAMAM-MUA Multilayers at 100 C
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Figure 28. Absorbance measurements of PAMAM-MUA multilayers after heat
treatments.
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Figure 29. Absorbance measurements of PSS-ATP multilayers after heat treatments.
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Figure 30. Absorbance measurements of C60-ATP multilayers after heat treatments.
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Figure 31. Red-shifting of SPR absorbance maxima wavelength after heat treatments.
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C. Ultrasonic Stability
C.1.

Ultrasonic Treatment of MPCs
MPC and MMPC ultrasonic stability were studied by monitoring changes in UV-

vis spectra over time through ultrasonic irradiated exposure of colloids in solution.
Results show that ligand chain length composing the monolayer largely defined the
colloidal behavior in ultrasonic irradiated media. n-Alkanethiolate-protected
nanoparticles with chain lengths of 9 carbons or greater (C9, C12, and C15 MPCs) were
stable in solution for over 24 hours of irradiation treatment. These MPCs exhibited very
little amount of change in solubility, supported by the constant absorbance intensity,
location, and width of the SPR band at ~520 nm, as shown in figure 34. 1Hexanethiolate-protected nanoparticles (C6 MPCs) exhibited change in SPR band
intensity, and wavelength of SPR absorbance maxima after ultrasonic irradiation. As
shown in figure 33, ultrasonic irradiation treatment of both 2.2 nm and 4.4 nm sized C6
MPCs resulted in a red-shift of the SPR absorbance maxima wavelength calculated from
the measured absorbance spectra (figure 32) from ~520 nm to ~557 nm after treatment
(48 hours). Both sizes also showed nearly identical rates of shift in SPR absorbance
maxima wavelength, red-shifting ~30 nm in the first 10 hours, followed by addition ~5-7
nm of red-shift in the following 38 hours of exposure. These results indicate C6 MPC
aggregation in ultrasonic irradiated media is relatively independent upon particle size,
and highly dependent upon the ligand-core interaction, and resulting protection and
solubility provided by the organic monolayer. During ultrasonic irradiation exposure,
vibrational energies generated from the ultrasonic irradiation are transferred to the
particles as kinetic energy. This energy can cause desorption of the monolayer ligand and
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eventually aggregation. Our results suggest that the ultrasonic stability of the MPC is
partially governed by the binding strength and the molecular weight of the ligand.
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Figure 32. Absorbance spectra of 2X and 1/6X C6 MPCs during ultrasonic irradiation
treatment.
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Figure 33. Red-shifting of SPR absorbance maxima wavelength observed for C6 MPCs
during ultrasonic irradiation treatment.
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Figure 34. Absorbance spectra of C9, C12, and C15 MPCs during ultrasonic irradiation
treatment.
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C.2.

Ultrasonic Treatment of MPC Films
Ultrasonic stability of MMPC films were studied with the same approach to

MPCs in solution. The change in absorbance of the film within the SPR band was
monitored throughout ultrasonic irradiation. Prolonged ultrasonic irradiation of PAHMUA films (figure 35, bottom) showed no visible changes in the absorption spectra, even
after more than several hours. UV-vis data for Cu-MUA films (figure 35, top) provided a
slight red-shift in the SP absorbance band (~5 nm) without any changes in absorption
intensity. Ultrasonic irradiation of PSS-ATP films (figure 36, top) resulted in a clear redshift of the SPR band accompanying an increase in absorption intensity. This data
indicates increase in average particle size took place during exposure. Similar to the
results of the heating treatments, vibration of the films results in faster aggregation when
the linking molecules have weak interaction with the particles and provide more room for
nanoparticle diffusion due to the rigidity, in this case, caused by the aromatic group on
the polymer chain. C60-ATP films (figure 36, bottom) also showed red-shifting in SPR
absorbance band but also a slight decrease in overall absorbance intensity. The former
suggests a decrease in average inter-particle distance and increase in average particle
size, while the latter indicates loss of total number of MPCs within the film, and possibly
the initial phase layer desorption. Similar to results of thermal treatment of these films,
the changes in spectral features of SPR band were surprising considering the strong
covalent bond between linking molecule and MPC. Nevertheless, it is likely these films
contain a higher MPC density or wt% than the other films included in this study, which
increase opportunities for particle-particle interactions within the film.
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Figure 35. Absorbance spectra of Cu2+-MUA film (top) and PAH-MUA film (bottom)
during ultrasonic irradiation treatment.
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Figure 36. Absorbance spectra of PSS-ATP film (top) and C60-ATP film (bottom) during
ultrasonic irradiation treatment.
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D.

In-Situ Cross-Link Assembly of C60-MPC Films
UV-vis spectroscopy measurements of the C60-MPC films self-assembled using

the two different approaches described in the experimental (LbL, and in-situ cross-link)
showed significant differences in rates of film deposition, indicated by the increase in
SPR absorbance intensity measurements shown in figure 37. For the thin film assembled
by LbL method, layer thickness increased nearly linearly with exposure time and with
addition of each successional bilayer (48 hours assembly time per bilayer). The final
measured SPR absorbance after 5 bilayers (240 hours assembly time) was measured at ~
0.17. In contrast, thickness of thin film assembled by in-situ cross-link method increased
much more quickly. After 24 hours of exposure of the functionalized substrate to the
toluene solution containing C60 and ATP-MPCs, absorbance of the SPR band was
measured to be ~ 0.16. The in-situ method was predicted to be a much faster approach to
self-assembly of these films, as amination of the C60 with ATP particles in solution leads
to deposition of not just a single layer of particles or linkers at a time, but surface
attachment of larger nanostructures consisting of multiple MPCs and C60 molecules.
It was also predicted that the differing assembly approaches may lead to
differences in order of MPCs and C60 within the films, and that film morphology and
resulting electrical properties may be different. Characterization of these films using the
conductive atomic force microscope provided in figure 38 showed the film prepared
using the in-situ cross-link method was more uniform in surface roughness than the film
prepared using the LbL approach. Current-voltage curves were also generated by
scanning ~2-micron sections of the films and applying a bias voltage (±8 V) between the
AFM tip and the sample. The tunneling current between the tip and sample was measured
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at the applied voltages to assess differences in resistance (or conductivity) of the films, as
descried by Ohms law provided in equation 7 where I is the current (amps), V is the
voltage (volts), and R is the resistance (ohms).
I = V/R

[7]

Conductance (siemens), G, can be inferred from Ohms law as the reciprocal of the
resistance (equation 8).
G =1/R

[8]

These measurements showed that measured current increased more linearly with
increasing applied voltage for the film prepared from in-situ cross-link method (figure 38,
bottom) than for the film prepared by LbL approach (figure 38, top), suggesting
conductance and higher degree of uniformity in dispersion of the gold MPCs throughout
the film.
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Figure 37. UV-vis absorbance measurements of C60-ATP films during self-assembly for
LbL (top) and in-situ cross-link (bottom) approaches.
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Figure 38. Conductive AFM imaging and current-voltage measurements of C60-ATP
films prepared by LbL (top) and in-situ cross-link (bottom) assembly methods.
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IV.

CONCLUSIONS

In conclusion, chemical, thermal and ultrasonic stabilities of gold MPCs and
MMPCs were studied through characterization before and after systematic treatment to
chemical reagents, heat, and ultrasonic irradiation. Overall, the results suggest that in
addition to ligand-particle interaction, the structure, functionality, and molecular weight
of the ligand all play roles in governing the stabilities of the MPCs. For example, in the
presence of a strong nucleophile that is known to etch the gold core, polar functional
groups, and aromatic and sterically hindered ligands in the monolayer all increased the
decomposition rate for MPCs (lowered stability). In contrast, for the MPCs investigated
by TGA, we were able to show a strong linear fit between the measured maximum
temperatures from the derivated thermogravimetric (DTG) peaks and the molecular
weight of the ligand. Regardless of the ligand structure (i.e. tertiary, primary,
alkanethiolate, arenethiolate), the measured decomposition temperatures of the ligands on
the particle surface showed an R2 correlation of >0.95 when fit with ligand molecular
weight. For MMPCs with mixed monolayer composed of varying molecular weight
ligands, the MPCs exhibited broader decomposition with mass loss over a wider
temperature range, however in all three cases, the presence of polar functional groups
(~OH, ~COOH, ~NH2) resulted in lower temperature for onset of the decomposition
regime. When investigating dissolved MPCs treated with ultrasonic irradiation, we saw
no differences in change of the SPR band absorbance intensity or wavelength between
particles prepared at 2.2 nm and 4.4.nm size conditions during treatment, however did see
improvement in stability as the molecular weight of n-alkanethiolate ligands increased
beyond 1-hexanethiolate (C6) up to 1-pentadecanethiolate (C15).
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For the MMPC containing thin films, the nature of the linking molecule and its
interaction with the MPC played a dominant role in governing overall stabilities. For
example, treatment with both acidic and basic solutions lead to desorption of the MPC
layers, especially when 1) the interaction between linker and MPC was electrostatic, or
relied on acid/base chemistry (such as ~COO-, ~NH3+), and 2) when the number of
MPC-linker interactions per linking molecule was reduced. For example, PAMAM-MUA
films showed the highest rate of desorption and lowest stability to acid and base
treatment. Not only did this film rely on ~COO- /~NH3+ interactions, but there were also
a far fewer number of linking groups per molecule of dendron than per molecule of ionic
polymer in the PSS-ATP and PAH-MUA films. The UV-vis spectra suggested that
higher particle density or volume fraction of MPCs within the film may also lead to lower
thermal stability, exhibited by spectral changes to the SPR absorbance band such as redshifting of the absorbance maxima wavelength and broadening of the SPR band. For
example, Cu2+-MUA film showed the lowest thermal stability and was followed by C60MUA film. Both films are examples where MPC could theoretically occupy higher
volume fractions within the composite, since both divalent metal ion and C60 fullerene
have relatively small particle size (<1 nm) and LbL assembly in all directions should
occur at very close to 1:1 molecular ratio. PSS-ATP films also showed poor thermal
stability, in comparison with PAMAM-MUA and PAH-MUA films, indicating that
increasing rigidity of the polymer linking molecule may increase diffusion of particles
within the composite. Ultrasonication of these films resulted in lower stability observed
for the PSS-ATP film, with red-shifting of the absorbance maxima wavelength,
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broadening of the SPR band and increase in its absorbance intensity. This may be
similarly explained by higher rigidity of the PSS linking molecule.
Finally, C60-MUA films prepared by both layer-by-layer (LbL) and in-situ crosslinking self-assembly methods were characterized to look for differences in deposition
rates and resulting film properties. UV-vis absorbance spectroscopy measurements during
assembly showed much higher rates of self-assembly of nanocomposite to the substrate
for the in-situ cross link method, where equivalent SPR band absorbance intensity was
obtained in approximately 1/10th the time. Characterization by conductive AFM also
showed the resulting film was more uniform in morphology and dispersion of gold
particles, supported by the surface roughness depicted from profiled images and also
current-voltage measurements across the film.
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